Objective: To investigate whether use of single-foot centered and double-foot centered weight-bearing X-rays has an impact on the relevant indicators of hallux valgus.
Introduction
H allux valgus was first proposed by Carl Hueter in 1871 and is one of the common diseases in the forefoot characterized by the outward deviation of the hallux beyond the normal physiological angle and first metatarsal adduction. It is a common deformity of the forefoot that usually exists on both feet 1 . It is generally believed that when the outward deviation of the hallux is more than 15 , it is a hallux valgus deformity. X-ray measurement of the foot is important for understanding the pathological changes of hallux valgus, and developing a surgical plan 2, 3 . X-ray examination of the foot is critical for further summarizing the pathological changes of hallux valgus and developing a surgical plan 4, 5 . At present, the X-ray measurement for hallux valgus is generally conducted with weight-bearing of the foot. However, there is still some controversy about the angle of projection and the position of the foot during shooting. For patients with hallux valgus, the presently used methods in clinical practice are single-foot centered shooting and double-foot centered shooting. However, it remains inconclusive whether related indicators of hallux valgus vary with these two different methods of shooting, and which method is more effective in showing the severity and pathological changes of hallux valgus. In the present study, 55 patients with double-foot hallux valgus were enrolled, and weight-bearing single-foot centered and double-foot centered X-ray films were taken. The intermetatarsal angle between the first and second metatarsals (IMA), the hallux valgus angle (HVA), the intermetatarsal angle between the first and fifth metatarsals (IM1-5), and the changes in the metatarsal adduction angle (MAA) of singlefoot centered and double-foot centered X-rays were compared, to determine whether these two different shooting conditions affect the relevant indicators of hallux valgus. Furthermore, our study evaluates which method is better for assessing the severity of hallux valgus. Therefore, the main goals of our study are: (i) to compare the single-foot centered and double-foot centered in the measurement of the intermetatarsal angle between the first and second metatarsals (IMA), the hallux valgus angle (HVA), the intermetatarsal angle between the first and fifth metatarsals (IM1-5), and the metatarsal adduction angle (MAA); (ii) to evaluate which method is better for assessing the severity of hallux valgus; and (iii) to explore the limitations and the possible direction of evaluation of severity of hallux valgus.
Methods

Inclusion and Exclusion Criteria
Inclusion criteria for hallux valgus 3 : (i) patients had hallux valgus deformity or presence of hallux bursitis; (ii) IMA ≥10 on weight-bearing X-ray film; (iii) HVA ≥20 on weightbearing X-ray film; (iv) all patients had no other treatment before surgery; and (v) informed consent was obtained from all individual participants who were enrolled in the study.
Exclusion criteria: (i) past history of foot surgery; (ii) rheumatoid arthritis or diabetic foot; (iii) other diseases like neurological diseases that may affect the ability to balance; (iv) other diseases like cerebral infarction that may affect patient standing; and (v) general condition too poor to receive the examinations.
Study Subjects
From September to December 2015, 55 consecutive patients with hallux valgus of both feet were collected from the Department of Ankle Surgery of Beijing Tongren Hospital, and single-foot centered and double-foot centered weightbearing X-ray films were taken. All patients were women. The age of these patients ranged from 18 to 43 years, with an average age of 47.9 AE 8.5 years; a total of 110 feet were included. The present study was approved by the ethics committee of our hospital. All patients provided informed consent prior to the examination.
Instruments and Methods
A Shimadzu R-20J X-ray machine (Shimadzu, Japan) was used for the X-ray projection. During the projection, the patient was A B instructed to stand on the X-ray box, with their knee joint straightened and legs perpendicular to the floor. The X-ray tube was 1 m from the film box and 15 from the longitudinal axis of the human body. During the single-foot shooting, the projection center was directed at the lateral part of the scaphoid bone of the foot, while during the double-foot shooting, the projection center was directed at the position between the scaphoid bones of both feet (Fig. 1 ). The speed of shooting was 20 ms, the voltage was 50 kV, and the current was 10 mAs.
Examination of Measurement Method
Before the present study was carried out, several orthopaedicians participating in the present study were organized to review the research program and to determine the relevant operating procedures and evaluation criteria. The surveyors and observers were uniformly trained. To ensure the consistency of the results of measurement and observation, the same physicians were assigned to perform the measurements and observations. Furthermore, the imaging data were repeatedly measured and checked. Quality supervisors were appointed to regularly observe the whole process of the study and to conduct a quality evaluation, to ensure that the records and reports of the data were consistent with the original data, and that the case report forms were complete and correct. Repeatability evaluation of measurement methods: The X-ray films of a patient with hallux valgus were randomly selected, including one single-foot centered X-ray film and one double-foot centered X-ray film.
Then, three orthopaedicians were randomly selected to measure the same hallux valgus X-ray film. The repeated measurements were performed five times every 3 days, and the average values of these measurements were recorded.
Relevant Indicators
Selection of the central axis of the first metatarsal bone: The metatarsal shaft was equally divided on two planes; a straight line formed by connecting two points and the extending line was the first metatarsal axis (Fig. 2 ). The IMA, HVA, IM1-s and MAA were measured on positive weight-bearing Xray films.
Hallux Valgus Angle
On the posterior X-ray before loading, the angle between the longitudinal axis of the first toe and the longitudinal axis of the proximal phalanx of the first toe is 10 -15 in normal subjects.
Intermetatarsal Angle between the First and Fifth Metatarsals
This refers to the angle between the first metatarsal axis and the fifth metatarsal axis; this angle directly reflects the relationship between the metatarsal bones of the foot. The abnormal enlargement of IM1-5 can indirectly reflect the widening of the forefoot and the collapse of the transverse arch of the foot. IM1-5 in hallux valgus patients is increased when compared with normal subjects.
Intermetatarsal Angle Between the First and Second Metatarsals
The normal value of the angle between the longitudinal axis of the first toe and the extended line of the longitudinal axis of the second toe is 8 -12 . For patients with metatarsal adduction, the normal value is 8 -10 . The hallux valgus can be classified according to the hallux valgus angle (HVA) and the first/second intermetatarsal angle (IMA). Mild: The medial part of the first metatarsal head protrudes with pain, HVA < 30 , IMA < 13 . Moderate: The thumb has lateral deviation to compress the second toe, the sesamoid bone is dislocated, HVA is 30 -40 , IMA is 13 -16 . Severe: The thumb has lateral deviation to ride across the second toe, the hallux has pronation, the dislocation of the sesamoid bone is located at the fibular margin of the metatarsal head (7 ), HVA > 40 , IMA > 14 .
Metatarsal Adduction Angle
The midpoint of the connecting line between the medial tarsometatarsal joint and the medial margin of the talonavicular joint is connected with the midpoint of the connecting line between the cuboid joint and the lateral margin of the cuboid joint of the fifth metatarsal bone. A vertical line is made at the midpoint of this connecting line; the angle between it and the second metatarsal axis is generally less than 15 in normal subjects. If the metatarsal adduction angle is ≥15 , it is called adduction of foot. This angle reflects the relationship between the metatarsal bone and the middle foot, and affects the measurement of the first/second IMA, resulting in a decrease in the measured IMA compared to the actual IMA of the patient. In addition, the adduction of metatarsals will affect the distal displacement of the first metatarsal after osteotomy. An excessive angle of adduction of metatarsal should be corrected by operation.
Statistical Analysis
The SPSS 17 software was used. The measurement data of the HVA, the metatarsal adduction angle, and the IMA (IM1-5) were presented as mean AE standard deviation (mean AE SD). The measurement data were compared among the different measures using analysis of variance. The measurement data between single-foot centered and double-foot centered X-rays were compared using t-tests. P < 0.05 was considered statistically significant.
Results
Consistency among Different Measures
The differences in X-ray measurement results (IMA, HAV, IM1-5, and MAA) between different measures for the same patient were not statistically significant (P > 0.05, Table 1 ).
Intermetatarsal Angle
The IMA of the single-foot centered X-ray projection was 10.3 -30.7 , and the average value was 15.9 , while the IMA of the double-foot center X-ray projection was 7.7 -30.3 , and the average value was 14.1 . The average ratio of double-foot centered to single-foot centered X-rays was 0.94, which suggested that the IMA of the double-foot centered X-ray was lower than that of the single-foot centered X-ray with a statistically significant difference (P < 0.05). The IM1-5 of the single-foot centered X-ray projection was 14.7 -64.3 , and the average value was 30.2 , while the IM1-5 of the double-foot centered X-ray projection was 12.7 -60.7 , and the average value was 29.7 . The average ratio of double-foot centered to singlefoot centered X-rays was 0.99, suggesting that the IM1-5 of the double-foot centered X-ray was greater than that of the single-foot centered X-ray with statistically significant difference (P < 0.05).
Hallux Valgus Angle
The HVA of the single-foot centered X-ray projection was 20.7 -60.3 , and the average value was 31.1 , while the HVA of the double-foot centered X-ray projection was 17.7 -57.3 , and the average value was 29.7 . The average ratio of the double-foot centered to singlefoot centered X-ray was 0.96, and the HVA of the double-foot centered X-ray projection was statistically greater than that of the single-foot centered Xray (P < 0.05).
Metatarsal Adduction Angle
The metatarsal adduction angle of the single-foot centered X-ray projection was 5.7 -24.0 , and the average value was 13.8 , while the metatarsal adduction angle of the doublefoot centered X-ray projection was 8.7 -21.3 , and the average value was 14.1 . The average ratio of the double-foot centered to single-foot centered X-ray was 1.07, and the metatarsal adduction angle of the double-foot center was statistically greater than that of the single-foot center (P < 0.05). MAA: The midpoint of the medial line between the metatarsal wedge joint and the talus-scaphoid joint is connected with the midpoint of the line between the fifth metatarsal, the cuboid joint, and the external line of the calcaneocuboid joint. A perpendicular line is made by the line intersecting with the midline of the second metatarsal bone. The angle between the line and the midline of the second metatarsal is MAA.
Discussion
X -ray measurement of the foot is important for further understanding the pathological changes of the hallux valgus, and developing a surgical plan 4, 5 . Many measurement indicators of the hallux valgus are correlated to the central axis of the first metatarsal bone. There is also a divergence in the selection of the central axis of the first metatarsal bone [6] [7] [8] . At present, there are five commonly used clinical measurement methods: (i) the axis of the first metatarsal bone is chosen as its axis; (ii) the metatarsal trunk is equally divided on two planes, and a straight line is formed by connecting two points; (iii) the connecting line between the midpoint of the facies articularis capituli of the first metatarsal bone and the midpoint of the proximal articular surface of the first metatarsal bone; (iv) the connecting line between the midpoint of the head of the first metatarsal bone and the midpoint of the base of the first metatarsal bone; and (v) the connecting line between the midpoint of the first metatarsal bone and the midpoint of the proximal axis of the first metatarsal bone. For the X-ray indicators for hallux valgus, accurate measurement results can guide the selection of follow-up treatment plans. At present, these measurement indicators mainly depend on manual drawing and measurements on X-ray films. To improve the accuracy of measurement, relevant computer software can be used for measurement, or the error can be reduced by taking its mean value from multiple measurements [9] [10] [11] [12] .
The HVA refers to the angle between the central axis of the metatarsal bone and the central axis of the proximal phalanx of the thumb, which is normally 15 -20 , and this is often used in the diagnosis, classification, and prognosis evaluation of hallux valgus. According to Coughlin et al. 13 , hallux valgus can be diagnosed when HVA is >15 or IMA is >8 , and the following degrees are determined according to HVA: HVA <25 is defined as mild, 25 ≤ HVA < 35 is defined as moderate, and HVA ≥35 is defined as severe. Gui et al. suggested by studying the first sequence that 14 HVA and other angles were needed to act as the main judging standard for hallux valgus classification. The present study revealed that the average values of HVA measured by single-foot centered and double-foot centered shooting were 30.2 and 29.7 , respectively, and the difference in HVA between these two different shooting methods was statistically significant (P < 0.05). With the continuous development of the study of hallux valgus, and although HVA can reflect the severity of hallux valgus to a certain extent, the pathological changes of hallux valgus cannot be completely determined by HVA alone. Hence, to reflect the severity of hallux valgus more comprehensively, it is necessary to combine other measurement indicators.
When hallux valgus occurs, the first metatarsal bone adduction and IMA increases. Hence, restoring the normal IMA is one of the keys to the success of hallux valgus surgery. Therefore, IMA is an important indicators for evaluating the severity and prognosis of hallux valgus [15] [16] [17] . The present study revealed that the average values of IMA measured by single-foot centered and double-foot centered shooting were 15.9 and 14.1 , respectively, and the difference was statistically significant (P < 0.05).
The IM1-5 directly reflects the relationship between the metatarsal bones of the foot. The abnormal enlargement of IM1-5 can indirectly reflect the widening of the forefoot and the collapse of the transverse arch of the foot. In previous studies it has been reported that IM1-5 in hallux valgus patients increased when compared with normal subjects [18] [19] [20] . The present study revealed that the average values of IM1-5 measured by single-foot centered and double-foot centered shooting were 31.1 and 29.7 , respectively, and the difference was statistically significant (P < 0.05).
Patients with hallux valgus may also have adduction of the second metatarsal bone, while the metatarsal adduction angle reflects the relationship between the metatarsal and middle foot, accordingly reflecting the severity of adduction of the metatarsal bone to a certain extent and affecting the measurement of IMA. The metatarsal adduction angle in normal subjects is generally less than 15 . However, the measurement of this angle is also controversial at present. According to some scholars, the measurement method is as follows: the midpoint of the connecting line between the medial tarsometatarsal joint and the medial margin of the talonavicular joint is connected with the midpoint of the connecting line between the cuboid joint and the lateral margins of the cuboid joint and the calcaneocuboid joint of the fifth metatarsal bone; a vertical line through the intersection of the line with the midline of the second metatarsal bone is made; and the angle between the vertical line and midline of the second metatarsal bone is the metatarsal adduction angle 14 . The present study revealed that the average values of metatarsal adduction angles measured by single-foot centered and double-foot centered shooting were 13.8 and 14.1 , respectively, and the difference was statistically significant (P < 0.05). The above results showed that there was a statistical difference between single-foot centered X-rays and double-foot centered X-rays for IMA, HVA, and IM1-5, and the ratio of double-foot to single-foot centered X-rays was less than 1.0, so it is more effective to assess the severity of hallux valgus when one foot is weighted. However, the metatarsal adduction angle of the double-foot centered X-ray was statistically greater than that of the single-foot centered X-ray. Considering that the differences in the above measurement indicators may be correlated to the projection angle when double-foot centered shooting was used, and because the focus of the projection is between the scaphoid bones of both feet, there was a certain angle between the rays and both feet. Furthermore, when single-foot centered shooting is used, the focus is located on the lateral part of the scaphoid bone of the foot when compared with double-foot centered shooting. Moreover, in the single-foot centered shooting, the ray was closer to the vertical foot. Therefore, when the weight-bearing position and projection distance are the same, it would be more effective to assess the severity of the hallux valgus when single-foot centered shooting is used.
In summary, compared with double-foot centered shooting, when single-foot centered shooting is used, the projection direction is closer to being vertical to the foot, which is more effective in assessing the severity of hallux valgus. The present study only measured indicators reflecting the severity of hallux valgus, but this does not mean that all hallux valgus indicators are different when using these two different shooting methods. In addition, the present study did not perform further grouping comparisons according to the severity of hallux valgus. Therefore, further research is needed to confirm the results of the present study.
